The protein (PN), polysaccharide (PS), and extracellular DNA (eDNA) percent concentrations of extracellular polymeric substances (EPS) of biofilm samples harvested from a pilot-scale nitrifying moving bed biofilm reactor (MBBR) were investigated at various operating temperatures and hydraulic retention times (HRTs). Chemically measured EPS PN/PS ratios were shown to correlate to Raman intensity ratios of amide III to carbohydrate at 362 rel. cm
INTRODUCTION
Wastewater treatment solutions incorporating biofilm systems are becoming more popular because of increasingly stringent regulations pertaining to wastewater effluent discharges (Ward et al. ; Gardner et al. ) . Biofilm treatment systems provide attractive alternatives to conventional suspended growth systems due to their small land footprints and low intensive operational requirements (Chen et al. ; Hoang et al. ) . In this context, the moving bed biofilm reactor (MBBR) system is a flexible and effective biofilm wastewater treatment technology, with a strong adaptability to shock and influent loading, along with a distinctive capability to achieve high removal efficiencies of nitrogenous and carbonaceous pollutants (Ødegaard ; WEF ) . Further, the MBBR technology has been shown to require simpler maintenance, lower operational intensity, and lower operating cost than other biofilm systems with respect to ammonia removal (Rusten The pilot reactors had been in operation for approximately a year prior to the experimental work presented in this paper. Therefore, the harvested carriers used in this study were assumed to house mature biofilm. Hence, the actual filling ratios of reactor 2 ranged from 11 to 60% to maintain a constant loading rate at various
HRTs. During the operation of reactor 2 at various HRTs, the biofilm morphology and thickness along with the embedded cell viability was added to the investigative methods used in the study to further gain information on the biofilm and biomass during various operational conditions. The operating conditions are summarized in 
Raman analysis
Raman spectra were acquired on carriers harvested from both pilot reactors during the aforementioned operating conditions. All the measurements were carried out at room temperature with a WITec Alpha 300 microscope (WITec, GmbH, Ulm, Germany) equipped with a 63×
water immersion objective (Carl Zeiss, Canada) and a
He-Ne laser (532 nm). MBBR carriers were harvested from the reactors, then sliced longitudinally and fixed on a Petri dish (47 mm, Fisher, Canada). Three locations across the inner surface of the carriers were randomly selected on each carrier segment. Three Raman spectra were collected at randomly selected regions of the samples, with an integration time of 10 s and 10 accumulations (a total of nine spectra per sample). Spectral analysis was carried out using OriginPro software (OriginLab, USA).
CLSM image acquisition and analysis
Carriers were harvested from reactor 2 at four different 
VPSEM image acquisition and analysis
Carriers were harvested from reactor 2 at four different HRTs. A Tescan Vega II-XMU variable pressure scanning electron microscope (VPSEM) (Tescan USA Inc., PA, USA), operated at a pressure of 40 Pa, was used to acquire images of the biofilm morphology and thickness directly on the harvested carriers. Four sampled carriers for each specific HRT investigated in this study were analyzed at a magnification of 60×. Images were acquired at five randomly selected regions on each carrier. The biofilm thickness was measured on the acquired images using Axio Vision LE software (Carl Zeiss, Canada).
Statistical analysis
The statistical significance of variations in constituent concentrations, composition of EPS, PN/PS ratio, biofilm thickness, and percent cell viability were determined by applying the t-test with a p-value less than 0.05 signifying significant difference. Correlation between the PN/PS ratio and the Raman band intensity ratios was determined with the Pearson's correlation test. A p-value of 0.1 was used to indicate a significant correlation relationship.
RESULTS AND DISCUSSION

Effect of temperature on nitrifying MBBR biofilm
Raman spectra of EPS and EPS percent composition Wagner et al. ). In particular, Raman bands in the 350-500 rel. cm À1 region were attributed to carbohydrates.
The peak at 862 rel. cm À1 was assigned to C-C stretching (ν C-C ) and to the C-O-C glycosidic link of carbohydrates. from 27.09 ± 0.2% at 22 W C to 22.67 ± 1.0% at 15 W C. As the temperature of the operating nitrifying MBBR system continually decreased from 15 to 5 W C, no statistical changes were observed in the PN and PS percentages. However, the eDNA percentage showed a significant decrease from 22.67 ± 0.2% to 17.58 ± 0.9%. A decrease in temperature from 22 to 15 W C did not yield a significant change in the ammonia removal efficiency of the system, thereby supporting the hypothesis that the system was underloaded at 22 W C. The transition from an underloaded condition at 22 W C to a more optimized operation of the MBBR system at 15 W C was marked by a higher EPS PN/PS ratio of 3.08 ± 0.21 (Figure 3(a) ) and a low effluent ammonia concentration ( Table 2 ). The 
PN/PS ratio and ammonia removal efficiency
measured PN/PS ratio of the nitrifying MBBR EPS
PN/PS ratio and ammonia removal efficiency
Biofilm thickness and cell viability
To further investigate the effects of varying HRTs, the bio- Hence, this work demonstrates that the PN/PS ratio of EPS is a potential indicator for non-optimized operation of MBBRs, paving the way for the use of PN/PS measurements to quantify the efficiency of an operating nitrifying MBBR system. In particular, the overdesign of a nitrifying MBBR unit that is in operation may be difficult for operators to identify as overdesigned, as overdesigned systems and optimized systems will produce similar effluent ammonia concentrations. The PN/PS ratio measurement may be used to identify an overdesigned system and guide the reduction of operational costs. In addition, the cause of low ammonia removal efficiencies and elevated effluent ammonia concentrations may be difficult for operators to identify in operating nitrifying MBBR systems. The PN/PS ratio measurement may also be used to identify or rule out hydraulic overloading of the operating unit as the cause of poor performance.
